INTRODUCTION
Hyaluronan lyase (Hyal) is one of the major surface proteins of many bacterial organisms including members of Streptococcus species, and is present on most strains of these organisms. The expression of Hyal appears to be directly related to the virulence of this organism. 1,2 The enzyme facilitates bacterial spread among the host tissues, by degrading essential components of the host's extracellular matrix (ECM), hyaluronan (HA), unsulfated chondroitin (CH), and certain chondroitin sulfates (CHS). As a result, it also provides a source of carbon and energy for bacterial cells. Hyal is a four-domain protein consisting of an N-terminal domain, followed by a spacer domain, a catalytic domain (termed a-domain), and a C-terminal domain (termed b-domain) [ Fig. 1(A) ]. 3-5 The first of these domains is a substrate (HA/CH/CHS)-binding domain that acts to enhance the Hyal affinity for substrates and localize/concentrate the enzyme to its site of action of mostly aggregated HA/CH/CHS within the ECM; consequently, this domain directs presumably only one single polymeric substrate strand (out of an aggregated cluster of them) toward the catalytic domain. 5, 6 The second, small domain acts as a spacer to distance the catalytic a-domain from the substrate-binding domain at the extreme N-terminus and thus can facilitate the above described feeding of the substrate for catalysis by the a-domain. 5 These two N-terminal domains do not appear to affect catalysis in vitro at all, and the data are consistent with their role in vivo as described earlier. 5 The b-domain modulates the access of the substrate to the catalytic machinery of the a-domain. Therefore, most often only the two C-terminal domains, the a-and b-domains, are studied as their catalytic and processivity activity in vitro is indistinguishable from the full-length enzyme 1,7 [ Fig. 1(B) ]. In addition, the full-length four-domain streptococcal Hyals undergo degradation to smaller forms. 7,8 The three-dimensional structure of the truncated and stable form, consisting of the a-and b-domains, of the pneumococcal enzyme has been elucidated by X-ray crystallography 3 and was followed by a variety of structural, 9-11 biochemical, molecular biology, and flexibility studies. 9,11-15 The a-domain contains a cleft large enough to accommodate a hexasaccharide substrate and is responsible for substrate catalysis. These studies have led to the formulation of a proposed mechanism of catalysis for this enzyme termed as ''proton acceptance and donation'' 3 and its mode of action during degradation of different substrates. 9, 16 The catalytically important residues as well as those involved in substrate binding have been identified. 3, [11] [12] [13] In addition, flexibility studies using CONCOORD 17 and molecular dynamics (MD) simulations have allowed the identification of significant flexibility of Hyal and identified three types of domain motions.
These domain motions (see Fig. 2 ) in order of decreasing amplitude are*: (i) an opening/closing of the substrate-binding cleft accompanied by the movement of catalytic amino acid residues and those responsible for the release of the product of degradation (termed Eigenvector 1 or evec1). This opening mode was confirmed by a recently resolved crystal structure with the cleft in an ''open'' conformation (referred to as PEGMME or holoSpnHyal-OPEN), whereas all earlier structures had the catalytic cleft in a ''closed'' conformation; (ii) a rotation/ twisting motion of the a-domain with respect to the bdomain that yields a $10 Å movement along the cleft axis (termed Eigenvector 2 or evec2). The third movement (iii) involves a side-wise bending of the domains resulting in an effective opening and closing of the access/entrance to the cleft (termed Eigenvector 3 or evec3). These motions have been hypothesized to be directly related to the enzyme function: catalysis, endolytic ''random-bite'' degradation, and exolytic cleavage of one disaccharide at a time from the reducing to nonreducing direction in a processive manner. 9, 12, 16, 18 Here, we test this hypothesis with an extensive analysis of a large set of free and enforced sub-microsecond MD simulations of Hyal with different lengths of the HA-substrate inside the cleft. This study establishes for the first time the dynamic relationship between the enzyme flexibility and the translocation phase of the HA-substrate, thereby providing direct insight into the role of domain flexibility in the processive mechanism of catalytic degradation of HA. Preliminary calculations to reconstruct free energy profile from different enforced simulations identify the rate-limiting intermediate states during the translocation process.
THEORY AND METHODS
Several free (''real time MD'') and enforced MD simulations of ligand-bound and ligand-free SpnHyal were carried out with the MD software package GROMACS (version 3.1.4, 3.2.1, and 3.3). [19] [20] [21] The starting point for all the simulations was the crystal structure of the SpnHyal-hexasaccharide HA complex (holo-SpnHyal-CLOSED) with PDB code 1LOH. 9 For the SpnHyal-apo simulation, the HA-substrate was removed from the structure manually. Other lengths of the HA-substrates were modeled inside the cleft as needed. The terminal residues (1Val and 721Leu) were completed and protonation states for histidines were determined using WHAT IF. 22 The system was subsequently energy-minimized using a steepest-descent Figure 1 (A) A schematic representation of the domain blocks of the full SpnHyal. In the crystal structure, the first two domains at the Nterminus are autodegraded and the stable structure of the last two domains at the C-terminus with the linker is obtained. (B) Structural details of SpnHyal. Two views of the crystal structure of SpnHyal (pdb code: 1LOH) in cartoon representation. The a-helical domain (a-domain) and the b-sheet domain (b-domain) are marked. The small linker peptide can be seen in the right picture joining the two domains. The HA-binding cleft is clearly visible in the a-domain with HA in stick representation.
*Previously, these domain motions were mentioned in the order according to the results from CONCOORD simulations (See Refs. 9 and 12). Here, we change it to one that is more consistent to the crystallographic differences and explicit MD simulations.
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algorithm, followed by solvation in a rectangular box of explicit water solvent. The 515 crystallographic water molecules were retained. The water model used was TIP4P. 23 For the protein, the OPLS-AA force field 24,25 was used, and HA parameters were derived by modifying the molecule-specific dihedral parameters in the OPLS-AA force field for the carbohydrate (Joshi H and de Groot BL, 2007). Na 1 counter ions were added to neutralize the overall charge of the system. A typical simulation system consisted of $80.000-100.000 atoms (see Table II ). See Figure 3 (A) for a typical simulation setup.
Each of the simulation systems was subsequently energy-minimized again to obtain the starting configuration for the simulations. The solvent, HA, and the protein were separately coupled to an external temperature bath 26 of 300 K with a relaxation time of 0.1 ps unless otherwise stated. In all simulations, the system was weakly coupled to a pressure bath of 1 atm with isotropic scaling and a relaxation time constant s p 5 1 ps. Bond lengths were constrained to their equilibrium values using the LINCS algorithm. 27 This algorithm allows a 2 fs time step for the leap-frog integration scheme. For the Lennard-Jones interactions, a cutoff distance of 1 nm was applied. Electrostatic interactions between charge groups at a distance less than 1 nm were calculated explicitly, whereas long-range electrostatic interactions were calculated using the Particle-Mesh-Ewald method 28 with a grid spacing of 0.12 nm and a fourth-order spline Figure 2 Principal modes of flexibility of the domain motions of SpnHyal as obtained from a PCA of crystallographic differences. 12 Eigenvector 1: opening closing of the cleft is the largest amplitude domain motion, Eigenvector 2: twisting of the a-domain with respect to the b-domain, and Eigenvector 3: bending of the domains thereby modulating cleft access.
Figure 3
(A) A typical simulation set up for the SpnHyal/SpnHyal-HA system. The enzyme is shown in cartoon representation. Water molecules are shown in line representation. (B) Different lengths of HA modeled inside the cleft: (i) tetrasaccharide HA (T2) in a processive position (ready to translocate in a processive cycle) (ii) hexasaccharide HA (T3) in a processive position ready to translocate in a processive cycle, and (iii) octasaccharide HA (T4) in a catalytic position ready for the catalytic action by the enzyme. (C) Scheme of the FPMD simulations setup. The arrow at the ''nonreducing'' end (left) of the sugar depicts the pulling of HA in the ''backward'' direction (in the nonprocessive direction). Similarly, the arrow at the reducing end of the HA (right) denotes the pulling in the putative processive direction for four cases (pulling with protein free and pulling with each of the eigenvectors of the protein fixed). interpolation. A 2 ns MD simulation was carried out with harmonic restraints on the protein heavy atoms with a force constant of k 5 1000 kJ mol 21 nm 22 to equilibrate water and ions of the system. A subsequent MD simulation of 5-10 ns length was performed to equilibrate the whole system while the protein backbone RMSD was monitored. Finally, production runs were carried out for several nanoseconds ($100 ns), storing the coordinates of all the atoms at every picosecond for further analysis. Particular simulation systems were set up with simulation details as discussed later for each case.
A principal component analysis (PCA) was used to analyze the concerted fluctuations of domains from the MD trajectories. PCA is based on the principle of diagonalization of the covariance matrix of the atomic fluctuations calculated from an ensemble of structures yielding a set of eigenvectors and eigenvalues with the principal modes representing the directions of the largest collective fluctuations. The ''essential dynamics'' or the dynamics in the essential subspace consisting of the largest eigenvalue modes are frequently functionally relevant and in the focus of computational studies. 29, 30 To compare the collective motions of the protein in different simulations, a PCA was first performed on the common set of C a atoms of the available crystal structures (see Table I ). This PCA represents the structural differences occurring in the crystallographic data. By directly projecting different simulations of the SpnHyal-HA onto the resulting set of eigenvectors, the dynamic exploration of these structural differences in the simulations is quantitatively assessed while allowing a direct comparison of the extent of flexibility to the available X-ray conformations.
Free simulations
The details of the free (unbiased or ''real-time'') simulations carried out are shown in Table II . Two simulations already discussed in earlier work, 16 namely apoSpnHyal and holo-SpnHyal-CLOSED, were extended to 100 ns. An additional simulation was performed with a similar configuration to that of holo-SpnHyal-CLOSED to enhance statistical significance. The latter simulation was also carried out for 100 ns but with different initial conditions of coordinates and velocities (coordinates of the previous holo-SpnHyal-CLOSED simulation at 10 ns as a starting structure). In subsequent simulations, the HAsubstrate was modified such that it resembles the substrate just after the catalytic action has been performed (see later for details). That way, the HA-substrate in the starting structure would require to translocate by one disaccharide unit through the cleft to be ready for the next catalytic round.
Simulations including tetra-, hexa-and HA-octasaccharides were carried out as follows: for the simulations with a tetrasaccharide-HA-substrate, the first disaccharide of the hexasaccharide from the reducing end was manually removed and the remaining tetrasaccharide part was treated as a substrate [see Fig. 3(B) -i]. With this configuration, two types of simulations were performed. In the crystal structure (PDB code: 1LOH), the catalytic residue Tyr408 was mutated to Phe to deactivate the enzyme for studies of complexation with HA. 9 This mutation concerns a catalytic residue and so presumably would not affect the processivity mechanism (the sliding phase of the HA-substrate). 3,13 Nevertheless, to investigate the effect of this change, the original protein was obtained by substituting Phe408 back to the original residue Tyr, that is, F408Y, and both structures were used for subsequent simulations.
For the simulations with hexasaccharide-HA as the substrate, the first disaccharide from the reducing end was manually removed as described earlier and then another disaccharide was modeled at the nonreducing end. This resembles the holo-SpnHyal-CLOSED structure but shifted by one disaccharide unit toward the nonreducing end [see Fig. 3(B) -ii]. Simulations based on these structures were performed to investigate whether in unbiased simulations, the HA-substrate would spontaneously slide through the cleft in the reducing end direction to yield a structure as observed in the holo-SpnHyal-CLOSED structure. Similarly, for two of the simulations (sim. nos. 11 and 12) with octasaccharide as substrate, the initial structures were also modeled such that the octasaccharide is at the start of the next round of the catalytic cycle or sliding phase. For sim. no. 13, with the octasaccharide as substrate, the HA was placed as in the holo-SpnHyal-CLOSED structure, that is, the substrate ready for catalytic action [see Fig. 3(B) -iii]. The details of each simulation system are given in Table II . Each series of simulations identical in structure differs in the initial conditions of coordinates and velocities. The total simulation time was more than 1 ls.
FPMD and essential dynamics sampling simulations
In Force Probe Molecular Dynamics (FPMD) simulations, the system can be forced to a predefined state by ''pulling'' one or more pull groups or parts of the system in a selected pulling direction specified in Cartesian coordinates. This mimics the situation in an AFM experiment by employing a harmonic potential (or a ''virtual'' spring), which acts as a flexible cantilever. This technique allows the system to explore the areas of the configurational space that it otherwise might not visit in the short time span of ''real-time'' MD simulations. FPMD simulations are becoming increasingly popular and find many applications. [31] [32] [33] [34] Defining an appropriate reaction coordinate in the force-induced translocation of the HA-substrate is an important step. To ensure that the HA-substrate was ''pulled'' along an appropriate reaction coordinate in the putative catalytic/processivity direction, the first sugar ring at the reducing end of the HA-substrate was subjected to a harmonic potential while keeping fixed the center-of-mass of the catalytic cleft of the enzyme. The forces were recorded every step. Maxima of these force profiles denote rupture forces corresponding to the phenomena where the sugar starts moving along the chosen reaction coordinate. A schematic representation of the FPMD simulations is depicted in Figure 3 (C).
Choosing the speed or force constant is not a very critical issue in this type of simulation as long as it does not impose a change of the pathway and the force profiles are not friction dominated. This can be ensured by choosing the pulling velocities from the thermally activated regime (i.e., a logarithmic dependency of the pulling velocity on the rupture forces). From an initial set of simulations performed with different speeds and force constants, such a comparison (see Supp. Info. Fig. S2 ) was performed. From this comparison, a force constant of j 5 750 kJ mol 21 nm 22 and a pulling velocity of m 5 1 nm ns 21 was determined to be suitable. In Essential Dynamics sampling (EDSAM), another efficiency-enhancing sampling technique, 35,36 the reaction coordinate can be deduced from a PCA. The reaction coordinate represents one or several of the principal modes of motion resulting from the PCA of the system. Accordingly, the system is driven along this reaction coordinate. This way, external bias is minimized because now the reaction coordinate is an inherent property of the system.
To investigate the influence of the protein domain motions on the translocation of the HA-substrate, we used FPMD simulations alone as well as in conjunction with the EDSAM technique. In the latter case, EDSAM was used to constrain the protein in a specific position along each of the main domain modes to investigate their influence on sugar translocation. In simulations with EDSAM constraints, coordinates were reset every (11) The number in the brackets of the last column relates to number of counter ions (Na 1 ) used to neutralize the system charge.
time step to prevent motion along the respective eigenvector coordinate.
Construction of a free energy profile
When FPMD simulations or EDSAM simulations are carried out using a constraint force (in the harmonic sense this would correspond to an infinitely stiff spring), a free energy profile for the substrate translocation in the processive cycle can be constructed through integration over the mean force (averaged at several points along the pathway). Such a free energy profile (also termed potential of mean constraint force (PMF)) provides information on, for example, free energy barriers along the reaction pathway. An evaluation of the structures corresponding to such barriers then may reveal critical enzyme-substrate interactions.
EDSAM simulations force the system to move along the chosen principal modes. One method used in this work to estimate the free energy profile was to fix the essential coordinates at n equidistant points, spaced by dz (by use of ''linfix'' module in GROMACS package with a stepsize of zero). To obtain the equilibrium forces acting on the system at those coordinates, the remaining 3N 2 1 degrees of freedom, for an N atom system, were allowed to equilibrate for a period of 25 ns for each set. Excluding the initial equilibration period, one can then calculate the mean force at each of these n points along the principal mode. The PMF is given by the sum over the average forces of the n points,
where dz is the distance between sampling points along the principal mode z and <F> is the force acting out the system along the remaining coordinates. Convergence can be slow because of equilibration effects and high force fluctuations. The convergence can be assessed by comparing PMFs obtained from windows of different lengths and parts of the trajectories. We performed three sets of simulations to compute free energies using this method. To obtain the free energies, 20 equidistant positions of HA along the reaction coordinate were chosen for each of the three runs. By keeping the sugar ''locked'' in each of these positions, the system was relaxed for the duration of each window. The simulation time for each window was 25 (for run1), 10 (for run2), and 25 ns (for run3), and thus totaling a simulation time of more than 1.2 ls.
Umbrella sampling
Another widely used method to assess the free energy profile from simulated trajectories is umbrella sampling. In this method, many overlapping windows along the chosen reaction coordinate are simulated simultaneously.
An artificial harmonic biasing potential, called umbrella potential, is added to each window simulation at systematically spaced positions along the reaction coordinate. This umbrella potential forces the system to sample a biased distribution within that window. After sufficiently long simulations (equilibration per window) are carried out for each window, the umbrella bias is removed to obtain the final estimate of PMF. We used the Weighted Histogram Analysis method 37 (WHAM), which makes use of all the information in umbrella sampling and does not discard the overlapping regions. In particular, the WHAM technique computes the total unbiased distribution function as a weighted sum of the unbiased distribution functions. The weighting function can be expressed in terms of known biased distribution functions. We use this procedure to obtain the PMF along the reaction coordinate of sugar-translocation obtained by PCA. At each simulation window, the bias potential was introduced in practice by a harmonic potential applied to the collective sugar translocation coordinate as implemented in the conformational flooding technique. 38 Two sets of umbrella sampling simulations (US1 and US2) were carried out. In these simulations, structures at 50 equidistant windows for US1 and 60 equidistant windows for US2 were obtained from EDSAM simulations (see Theory and Methods). Umbrellas were created by biasing the simulations with a harmonic potential. The simulation was performed for 25 ns for set US1 and 20 ns for set US2 for each window, thus totaling almost 2.2 ls.
RESULTS AND DISCUSSION
Later, we discuss the results from the free simulations (Table II) with different lengths of the HA ligand inside the cleft and from the enforced simulations with the hexasacharide HA inside the cleft. These simulations establish the dynamic relationship between the large-scale domain motions of the protein and the processive motion of the HA-substrate.
Equilibration and free dynamics/flexibility of the SpnHyals
Large-scale conformational changes or domain flexibility in proteins are often related to function. To investigate the interplay between substrate presence and protein dynamics in bacterial Hyals, we studied the influence of the presence of HA-substrates on the flexibility of Hyals. As a measure of structural stability and flexibility, the root mean-square deviation (RMSD) from the crystal structure 1LOH (i.e., the starting structure of the simulations) was monitored during the equilibration. For all simulations, after an initial equilibration period, the RMSD for the protein C a atoms was found to level off between 1.25 and 2.5 Å (see Supp. Info. Fig. S1 ). CoordiDomain Motions of Hyaluronan Lyase nates after this initial equilibration were used for any further analysis.
The root mean-square fluctuations (RMSF) per residue for the apo-SpnHyal simulation and all other simulations are shown in Figure 4 . A striking feature is the lower RMSF for the three flexible loops around the catalytic cleft in the holo-simulations when compared with the apo-simulation. These loops are indicated as LI, LII, and LIII in Figure 4 . In the apo simulation, the RMSF for these loops is very high, up to 4.0 Å . This fluctuation is lower (ranging from 2.0 to 3.0 Å ) in all cases in which the HA molecule, longer than tetrasaccharide, is present/bound in the cleft, showing the influence of the presence of the HA-substrate on these fluctuations. To the contrary, the RMSF for residues 27-43, which form a helix at the entry side of the cleft (just preceding loop LI) (see Fig. 4 ), is higher for most simulations with the HA-substrate present (simulations 4-11 in Table II ). In the cases where the RMSF for this helix is high, the position of the HA-substrate is such that it is ready for the next round of catalysis, suggesting a possible role in the processive mechanism. Interestingly, mutation studies also indicate the residues from LII to LIII to be of critical influence in the overall processive mechanism of SpnHyal. 11 Loop LIII may play a role in product release. RMSF per residue for all the simulations. In the upper right corner, the protein is shown in cartoon and in surface representation. The three flexible loops are marked with LI: red, LII: yellow, and LIII: green. The RMSF for these loops are highlighted in the same colors in all the graphs. For the simulations with similar structure, the RMSF per residue is averaged for simplicity.
PCA and domain motions of the SpnHyals
Previous studies 9,12,16 suggested a functional role of three types of domain motions of Hyal in the processive mechanism. Accordingly, the current simulation results were analyzed in terms of these domain motions as derived from a PCA of the X-ray conformers (see Fig. 2 ) to test this hypothesis. The results are summarized in Figures 5 and 6 (see Supp. Info. Fig. S3 ). The two- Figure 5 Two-dimensional projections of the simulation trajectories together with the X-ray structures (see Table I dimensional projections of both simulated trajectories and X-ray structures onto the corresponding first three eigenvectors are shown in Figure 5 . In each panel A, B, C, and D, the graph on the left side shows the projections onto the first two eigenvectors. These graphs demonstrate the opening/closing motion of the cleft on the x-axis and the twisting motion along the y-axis. The green circles in the upper right corner represent the S. agalactiae X-ray conformations. All 13 simulations leave these conformations unsampled, confirming the structural divergence among bacterial Hyal structures as was speculated earlier. All simulations in which the HA is in a position similar to the holo-X-ray structure (1LOH) [both holo-SpnHyal-CLOSED simulations (sim. nos. 2 and 3, red and green traces from A-left) and HLT4water3 simulation (sim. no. 13, green trace from D-left), see also Fig. 6 ] sample the opening/closing motion of the cleft reversibly, but to a smaller extent than other simulations, some of which sample this motion up to the recently solved ''open'' conformations (holo-SpnHyal-OPEN, cyan circles). These results suggest a correlation between the presence and location of the substrate and the Hyal domain motions. The simulations that sample the opening motion substantially also show a substantial sampling of the twisting mode (evec2). This is also seen in the graphs on the right in each panel of Figure 5 where the x-axis represents the extent of the twisting mode. In relating the twisting mode to the cleft opening/closing, an anticorrelation can be seen for at least six simulations (apo simulation 5, 6, 8, 9, 11) . This is a remarkable result as all simulations started from the closed Xray structure. The extent of the principal modes during the simulations was quantified as described earlier 16 and is summarized in Figure 6 . The maximal amplitude of the opening of the cleft of apo-SpnHyal is observed to be $13.0 Å . This was measured as the difference between the C a À ÀC a separations of Asn231 and Gly769 in the most open and least open trajectory snapshots. The residues were chosen because they belong to different domains (a and b) and are close to the catalytic site. For comparison, this distance difference between the ''closed'' and ''open'' crystallographic conformations was observed to be 7.3 Å .
In contrast, both simulations of the holo-SpnHyal-CLOSED system (sim. nos. 2 and 3) failed to sample the more open configurations to the same extent as the other simulations within the same time span of 100 ns, suggesting that the substrate in the catalytic position locks the protein in a more closed conformation. Here, the extent of the cleft-opening was observed to be only up to 6.9 and 6.2 Å , respectively (see Fig. 6 ). This observation was further supported by another simulation that had the holo-X-ray structure as a starting point (HLT4water3 simulation (sim. no. 13)), in which the opening was found to be similar (6.5 Å ). All other simulations (except sim. no. 4, Fig. 6 ) show varying but generally larger amplitudes along this mode. These results suggest that the decreased flexibility of the protein in the presence of the substrate is caused by HA in the catalytic position. Together with the results obtained with HA in different positions as described earlier, this suggests that the SpnHyal yields a differential response to the HA-substrate depending on the position of the HA-substrate inside the cleft, possibly providing first hints of the binding mechanism of the SpnHyal-HA complex required for the processivity of this enzyme. The second eigenvector represents a twisting mode of the two domains with respect to the cleft. This mode has therefore been speculated to play an important role in the effective translocation of the substrate along the cleft. As for the opening/closing mode, the motions observed in the simulations along this mode agree closely with the crystallographic structural differences. In the simulation of apo-SpnHyal, the a-domain is observed to be shifted by up to about 11 Å with respect to the b-domain because of this twisting mode. This extent was measured as the separation between the C a atoms of Asp340 of the superimposed most twisted and least twisted snapshots from the trajectory. The residue was chosen to represent the maximum twisting of the a-domain. Strikingly, 11 Å is also approximately the length of a disaccharide unit of the HA-substrate.
Only one simulation from the HLT2water system (sim. no. 5) shows a twisting of the a-domain up to the same extent [compare red trace in Fig. 5(B) ]. The simulations for both holo systems do not show as much twisting motion as the apo-simulation, providing another indication for the interplay between HA presence on one hand and position and the Hyal domain motions on the other.
The third eigenvector from the PCA of the crystallographic structures is also the third-largest amplitude mode resulting from the MD simulations and corresponds to a bending of the two domains that influences the width of the cleft entrance/exit. Along this mode, the holo-SpnHyal-OPEN structure and SagHyal structures represent a conformation with the entrance opened and the exit closed, whereas the holo-SpnHyal-CLOSED represents the conformation with the entrance closed and the exit opened. The MD simulations demonstrate that this motion is sampled to the same extent on both sides of the holo-SpnHyal-OPEN structure and SagHyal structures, thereby enabling an opening the cleft entrance as well as an opening of the cleft exit. The amplitude of this motion was measured in both directions. The opening of the cleft entrance was measured as the difference between the C a À ÀC a separations of Asp211 and Ser771 in the trajectory snapshots with the most open and least open cleft entrances, whereas the opening of the cleft exit was measured as the difference between the C a À ÀC a separations of Asn341 and Asn580 for the same snapshots.
These pairs of residues were observed to be close to the HA-substrate in the holo-X-ray crystal structure (1LOH) while belonging to the two different domains (a and b). The opening of the cleft-entrance was found to be maximal when the complete length of the HA-substrate was inside the cleft (i.e., for tetrasaccharide and hexasaccharide). As the length of the cleft is long enough to fit about three disaccharide units of HA (a hexasaccharide substrate), the last disaccharide unit of HA in the HLT4water systems lies outside the cleft. In these cases (sim. nos. 11 and 12), the opening of the cleft access was found to be minimal for the systems in a postcatalytic configuration in which HA is ready for sliding.
For the simulations in which the HA position is similar to the holo-X-ray structure (sim. nos. 2, 3, and 13), this opening was found to be even smaller. These observations suggest the binding mechanism of SpnHyal to HA during the catalysis process. The maximal opening of the cleft-exit was found to be correlated to the maximal closing of the entrance site with few exceptions. The cleft-exit was found to be maximally opened (9.8 Å ) in the simulation of apo-SpnHyal, whereas for the rest of the simulations, it was seen to vary from 0.5 (sim. no. 5) to 9.3 Å (sim. no. 10). Thus, this motion is also significantly more explored in the apo-SpnHyal simulation compared with the simulations of Hyals with HA-substrate. Interestingly, for the last simulation (sim. no. 13) with an octasaccharide substrate in a position corresponding to the holo-X-ray structure, the opening of the cleft access is minimal. Comparing (a) the opening of the cleft in case of two holo simulations and three simulations where a hexasaccharide is ready for sliding, and (b) the opening of the cleft in a simulation of an octasaccharide in a position corresponding to the holo-X-ray conformation (sim. no. 13) and two other simulations with an octasaccharide substrate in a postcatalytic position, the cleft access opens. Once the substrate is in the position for the next step of catalytic action, the cleft access closes. This indicates a putative direct functional role in the processive mechanism of the motion described by the third eigenvector as guiding the substrate-binding after sliding.
In summary, the simulations presented here indicate a direct relationship between the domain modes of the enzyme and the presence and position of the HA-substrate. This coupling strongly suggests that the protein domain motions play an essential role in the processivity mechanism. Although the exact sequence of the processes involved in the processive mechanism is not known at present, the domain motion analyses would be consistent with the following putative mechanism: a relatively open structure is essential for the HA-substrate to (re)orient itself inside the cleft. The substrate can bind in a proper position for catalysis upon closing the cleft. Once the catalysis step is performed, the exit side of the cleft opens so that the product formed can be released. This step may also be coupled with the first domain motion of the cleft opening so that the binding of the remaining substrate becomes weak enough to slide along the cleft. After the product release, there is enough space inside the cleft for one more disaccharide, and so a combination of the domain motions occurs (opening of the cleft, twisting of the domains, and opening of the entry side enabled by the third domain motion) to facilitate the processive translocation of the HA-substrate by one disaccharide unit. The cycle can then be repeated. This mechanism is depicted schematically in Figure 7 .
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Processive motion of the sugar To investigate in detail whether in any of the simulated cases the sugar spontaneously moved toward a reactive configuration (as in the holo-X-ray structure), thereby carrying out one processive cycle of sliding, the motion of the sugar relative to the cleft was monitored. As the residues inside the catalytic cleft constantly move because of the domain rearrangements, a simple distance measure does not serve the purpose. Hence, we projected the simulation trajectory onto the first eigenvector obtained from a PCA carried out on a set of two structures: the holo-CLOSED crystal structure and the starting structure of HLT3water1 simulation. The single nonzero eigenvalue eigenvector of this PCA reflects the effective translocation of the sugar toward the holo-X-ray structure that would correspond to the translocation in one processive cycle by one disaccharide unit. As can be seen from Figure 8 , no significant sliding motion of the sugar was observed except in the two HLT3water simulations (magenta and orange traces in the uppermost panel A corresponding to sim. nos. 9 and 10, respectively). Both holo-SpnHyal-CLOSED simulations show remarkable stability in the sugar position. Sim. no. 13, in which an octasaccharide was modeled similar to the position in the holo-X-ray structure (i.e., positioned correctly for catalytic action), shows a similar stability to both holo-SpnHyal-CLOSED simulations. These three simulations indicate that the sugar does not show spontaneous translocation from the catalytic position and might indicate that translocation is more likely to occur after the catalysis is completed. In all simulations with tetra-hexa-or octasaccharide HAsubstrate except for sim. nos. 9 and 10 (magenta and orange traces in the uppermost panel), the sugar also remains stable at its original position. Surprisingly, in sim. no. 8 (HLT3water1 simulation, red trace in upper panel A), the sugar moves in the nonreducing direction. A schematic representation of the putative processive mechanism in SpnHyal-HA system and the associated domain motion.
Step I consists of the binding of HA-substrate for which opening of the domains as well as bending of the domains from the entry side of the cleft is required. The combination of the opening/closing of the cleft positions the HA-substrate properly along the catalytic residues (step II). After the catalytic action, the domains perform an opening motion again along with the bending motion to release the product (step III). The remaining substrate slides along the cleft with the help of the combination of the opening/closing motion and the twisting motion of the domains (step IV). The cycle is then repeated until the whole HA is exhausted.
In this simulation, the cleft of the protein was relatively open at the start of the simulations. The backward propagation may imply the reversibility of this sliding step of the mechanism. Interestingly, the other two cases of HLT3water (sim. nos. 9 and 10) spontaneously showed almost half a processive translocation toward the reducing end (i.e., to be ready for the next catalytic round).
Subsequently, we inspected the role of protein domain motions in relation to the spontaneous partial translocation as observed in sim. nos. 9 and 10. Interestingly, panel B in Figure 8 shows a weak correlation between the positions along the second eigenvector emerging from the PCA of the protein domain motions (twisting mode) with the translocation of the sugar. The decrease in the projection of this eigenvector (a-domain twisting toward exit side of the cleft) is seen to be correlated with the forward motion of the sugar (in the processive (i.e., HA reducing) direction). This finding is in agreement with the proposed role of this mode in the substrate translocation. A comparison of the time evolution of the sugar translocation with the opening mode suggests that the opening of the cleft seems to be a consequence rather than a cause of sugar translocation. Panel C shows the snapshots of the system near the maximum sugar translocation. The catalytic residues are shown. The oxygen from the glycosidic bond of the second sugar ring has to approach the catalytic residues to complete one processive cycle. The position of this oxygen is shown with red arrows in each picture of panel C. From these snapshots, it can be seen that the sugar in simulation 9 and 10 has moved approximately through one sugar ring (i.e., about halfway) toward the catalytic position (holo-X-ray structure). However, the lack of translocation by a complete disaccharide unit even on a 100 ns timescale may suggest the requirement of a proper reorientation between the SpnHyal domains and the HA-substrate, which occurs on a longer timescale, thereby putatively contributing to the main rate-limiting step in a complete processive cycle.
Two sets of simulations with the HA-substrate in different relative positions were compared to obtain residue-level interactions. The two sets contained sim. nos. 2 and 3 (in which the hexasaccharide HA is in the catalytic position) and sim. nos. 9 and 10 (in which the hexasaccharide HA is shifted by one disaccharide unit toward the nonreducing end). The differences in the interactions with different parts of the HA-substrate confirmed previously identified important residues 3,9,11-13 and additionally identified residues Asp293, Arg462, Arg466, and Asn468 to form critical interactions with the substrate. It should therefore be interesting to investigate those residues by mutagenesis studies.
Protein flexibility in FPMD simulations
We performed FPMD simulations as well as combined FPMD-EDSAM simulations (Essential Dynamics sampling) to pull the sugar in the forward as well as in the backward direction to further address the interplay between the SpnHyal dynamics and the HA translocation. For this, two types of structures were chosen. Simulations were performed both with the ''closed'' (as in the holo- Figure 8 Motion of the sugar inside the cleft as depicted by the PCA performed on the sugar. Panel A (top) shows the motion of the sugar for all the 12 simulations with HA-substrate present inside the cleft. The black circle shows the position of the sugar in the SpnHyal structure. In an idealized processive cycle, the simulations ready for the sliding phase (sim. nos. [4] [5] [6] [7] [8] [9] [10] [11] [12] should move through the distance of one disaccharide unit and attain the holo-X-ray structure (move toward the black circle). Simulations 9 and 10 showed at least half-way translocation of the sugar in the processive direction and the second eigenvector of the enzyme showed a weak correlation with this motion. Panel B shows a detailed picture of this correlation by a scatter plot of the projection of the simulation trajectory onto the second eigenvector of the enzyme (evec2, y-axis) versus the sugar motion from Panel A (sugar evec, x-axis). The correlation is seen stronger in sim. no. 10. The running averages of these scatter plots are shown in orange (sim. no. 9) and pink (sim. no. 10). Panel C shows the overlays of the initial structure of simulations (in green, also denoted by green arrow on the panel B) and the structure at maximum sugar translocation (in blue, also denoted by blue arrow on the panel B) for each of the cases. The catalytic position is shown by the residues in gray stick representation. The red arrows show the position of the next glycosidic b-1,4 oxygen linkage that would be cleaved. The arrows pointing down show the initial position, whereas arrows pointing upward show the final position depicting the movement in the processive direction.
Domain Motions of Hyaluronan Lyase
X-ray structure 1LOH) and ''open'' structure of the protein. With this structure, the sugar was then pulled under three conditions:
1. Pulling of the sugar in the presumed processive direction (''forward'') with the protein dynamics fully free to relax. 2. Pulling of the sugar in the ''forward'' direction, while constraining individual PCA eigenvector coordinates of the protein. Here, constraining the first eigenvector resulted in the cleft ''closed'' at all times (ED1), constraining the second eigenvector did not allow the protein to twist (ED2), and constraining the third eigenvector resulted in keeping the entry/exit of the cleft locked in the original position (ED3). 3. Pulling the sugar backward in the nonprocessive direction such that it emerges from the cleft at the nonreducing end (''backward''). The pulling direction for these simulations was chosen as the vector connecting the center of mass (COM) of the last ring and the COM of the penultimate ring. These simulations were performed to obtain any knowledge on the directionality of the processive mechanism.
The principle of these simulations is depicted in Figure  3 They show the development of the forces on the sugar until it starts moving toward the reducing end at which point the forces suddenly drop to low values. These rupture forces vary in different conditions depending on whether the pulling is performed in the forward or backward direction.
A major difference between the force profiles in panels A and B is the overall lower profile for the simulations starting with the ''open'' structure compared with those that start from ''closed'' structures. This shows that the opening of the protein cleft facilitates (and may be necessary for) the translocation of the sugar. This is supported by the FPMD simulations in which the opening mode (evec1) was not constrained, where the protein opens up significantly in all the simulations starting from the ''closed'' structure. For the simulations starting from the ''open'' structures, the protein remained open for the duration of the simulations. The opening in the simulations starting from the closed structure was observed to occur faster than in apo-simulations that did not apply an FPMD restraint (free simulations-sim. nos. 1-13). Interestingly, in each scenario, the simulations with the position along the first eigenvector ''fixed'' also concur with this observation (in Fig. 9 , panels A and B, ED1 depicts the forces for the pulling simulations with the opening mode constrained, red curve). For the simulation with the protein cleft kept closed and fixed at all times (A, red curve), larger forces were required for the translocation of the sugar than for the simulations performed by forcing the protein cleft ''open'' at all times. These results strongly support the functional role of the opening mode in the processive mechanism.
Although the relation between sugar mobility and protein conformation for the opening mode was found to be unambiguous and consistent in all the 13 simulations, the relation with the second eigenmode was observed to be less clear. In panel A of Figure 9 , it can be seen that forces required in the simulation with the twisting of the protein constrained (ED2, green curve) were lower than those observed with the protein free (Forward, black curve). This, however, is probably not an indication that the twisting of the protein unfavors the sugar translocation, as in three of the other simulations in the ''closed'' protein scenario [ Fig. 9(C) ], the rupture forces for ED2 cases were larger than the ''free-forward'' simulations (for the others they were comparable).
Constraining the third eigenvector, implying a locked cleft access, resulted in a slight increase in the rupture force (ED3, blue curves). This might be correlated with the fact that the exit site has to open for the sugar translocation and matches the observed projection of the unconstrained trajectories onto this eigenvector (see Supp. Info. Figs. S3 and S5 ). Strikingly, a systematic increase in the projection onto eigenvector 3 is observed upon pulling the substrate in the putative processive forward direction [ Fig. S5(B) ], for the first time suggesting a putative role of the cleft entrance opening mode on the sugar translocation, in addition to the presumed role in the product-release mechanism. Thus, the FPMD simulations confirm the mechanic coupling between sugar translocation and protein domain motions.
Despite that a direct role of both domain motions described by eigenvectors 2 and 3 in the processive mechanism was strongly suggested from the unbiased simulations with different ligand occupancies and locations within the cleft as well as from a mechanical coupling between HA and domain motions in Hyal from FPMD simulations described earlier, the FPMD simulations do not reveal an unambiguous effect on the translocation force when these domain motions are constrained. The simulation results allow for a number of explanations for this observation. First, the pulling speeds employed in the FPMD simulations are likely too high to sufficiently allow the slow domain modes to sufficiently equilibrate in the FPMD simulations, thereby possibly overshadowing the true translocation force profile with high forces that may disappear at longer timescales. In addition, the current statistics, although involving a massive computational effort, may not be sufficient to detect significant differences between the ED1, ED2, ED3, and free sets of FPMD simulations. The longer simulation lengths and the larger variety of substrate lengths and positions probed in the unbiased simulations render the statistical significance of the involvement of domain movements observed in the unbiased simulations higher than those derived from the FPMD simulations.
The dependence of the protein domain motions on the HA presence and position was additionally independently investigated by a set of simulations in which the temperature of the HA-substrate for various lengths (tetrasaccharide, hexasaccharide, and octasaccharide) was set to a higher value than the protein and rest of the environment (Supp. Info. Fig. S4 ). This change in temperature resulted in the corresponding protein domain motions at an enhanced rate compared with the ''free'' simulations suggesting that modifications in the behavior of the sugar translated to the dynamics of the protein.
An interesting observation is the low rupture forces required to pull the sugar in the nonreducing (backward or nonprocessive) direction (see Fig. 9 ). This was consistent in all simulations irrespective of whether the protein is in a ''closed'' or ''open'' conformation. This might indicate a bidirectional pathway for the sugar to slide in both the forward and backward direction. It is important, however, to note the difference between (pulling) forces and (free) energies. For example, in the hypotheti- cal scenario sketched in Figure 10 , if we start at S, in an FPMD simulation the maximum force toward P 2 would be higher than in the direction of P 1 , whereas P 1 is higher in free energy. The difference is due to the fact that forces are proportional to the slope of the free energy profile. Therefore, these FPMD simulations-even though they provided the first hints on the shape of the landscape-do not allow a direct estimate of the free energy profile underlying processive sugar translocation. In principle, a free energy estimate should be attainable by exploiting the Jarzynski equality. 39,40 However, the statistics available from the presented simulations do not allow a reliable estimate. Therefore, for an accurate estimate of the free energy profile underlying the complete translocation process, an additional set of simulations using, for example, an umbrella framework is required and is presented in the next section.
Free energy profile for HA translocation
We employed the simulations to obtain a putative free energy profile for the HA translocation (see Theory and Methods). Intriguingly, the convergence was found to be slow, at timescales of tens of nanoseconds, the same time scale known to characterize the protein domain motions. Two sets of umbrella sampling simulations were performed (US1, US2). Free energy profiles computed from different window lengths taken from the US2 set illustrate the slow convergence [see Fig. 11(A) ].
The resulting free energy profiles are shown in Figure  11 (B). Here, the green curve shows the free energy profile from the umbrella sampling on the first set (for 25 ns simulations). US1 showed convergence at least in the initial parts and the deviation at the right end was found to be due to nonoverlapping of the neighboring umbrellas in that region, posing a problem for the WHAM procedure. The free energy profile obtained in a similar manner for US2 is shown in blue (the first 10 ns) and magenta (for 10-20 ns). Profiles from both sets at this stage, despite not being fully converged, confirm the features obtained from the EDSAM simulations (black curve), indicating a free energy barrier of an estimated 10-20 kJ mol 21 . The exact intermolecular interactions underlying this energy barrier are still unknown, but the slow convergence of the profiles strongly suggest an active role of slowly relaxing collective protein degrees of freedom, once again underscoring the role of domain movements Figure 10 A hypothetical scenario of the energy landscape for the HA translocation compatible with the differences in the force profiles in ''forward'' and ''backward'' pulling simulations as observed in Figure 8 . Starting from S, the overall lower force profile for the pulling in backward direction toward P2 is associated with an energy barrier having a higher slope (larger rupture force) for the processive direction than for the nonprocessive direction toward P 1 , while P 2 is lower in free energy than P 1 . Figure 11 (A) Convergence for the umbrella sampling set US2. The profile converges very fast in the initial periods (for the first 10 ns) and for the next 10 ns it is slowly converging. (B) The umbrella sampling simulations performed for the two sets of runs (run1 and run2) from the earlier EDSAM simulations. The green curve shows the free energy profile obtained from the umbrella sampling for run1, sampling each of the 50 windows for 10 ns. The blue (first 10 ns) and magenta curves (10-20 ns) show similar estimates of the free energy from the simulations of 20 ns simulation of each of the 60 windows. The large deviation at the end is both due to poor overlap of the neighboring umbrellas and the simulations being far from equilibrium (because we drive the system fast to their starting position structure, large forces remain active on the system). The black curve shows the free energy estimation from the simulations of all the three sets of EDSAM simulations (run1, run2, and run3) with the sugar constrained at 21 different positions.
in the processive substrate translocation in the Hyal-HA complex.
Note that the free energy profile depicted here does not include the contribution from the leaving disaccharide product, which presumably entropically aids the process nonreversibly in the processive direction.
CONCLUSIONS
We have carried out MD simulations of the SpnHyal-HA complex in which both the position and length of the HA-substrate inside the cleft were varied. The results strongly support the notion that bacterial Hyals are inherently flexible. A direct interplay between HA sugar substrate translocation and protein domain motions emerges from the simulations that provides a mechanistic picture of how three particular dynamic protein domain modes facilitate processive HA degradation. An opening/ closing mode was found responsible for tight binding during catalysis in the closed state while facilitating substrate sliding when opened. The role of the twisting mode appears directly linked to the translocation of the sugar, whereas a third domain mode modulates opening of the cleft entrance and closing of the exit and vice versa. The fact that the simulation structures closely match the crystallographic conformers additionally confirms the validity of the simulation model.
Investigation of the mobility of the sugar inside the cleft showed that even for the $100 ns simulations, a complete processive cycle by one disaccharide unit was not observed. This indicates that the process of sliding that occurs after catalysis is a main bottleneck or even time-limiting factor in the overall kinetics of the enzyme-ligand interaction. More detailed investigations are therefore required to estimate the translocation rate. Nevertheless, it is evident that specific interactions and/ or fluctuations in the protein-ligand complex are closely correlated with the substrate movement. The interaction between protein domain modes and substrate translocation was further investigated by a series of FPMD simulations. These simulations independently underscored the direct interplay between HA presence and position on one hand and protein domain motions on the other.
The overall protein-ligand interplay and the active role of the protein domain motions in the processive mechanism as analyzed from the extended ''free'' or unbiased simulations as well as FPMD simulations were further underscored from the preliminary free energy profile constructed from umbrella and essential dynamics sampling simulations. Strikingly, the computed free energy profiles were found to be characterized by slow convergence, on the same time scale as observed for interdomain movements detected in unbiased simulations. Although not fully converged at the current accessible simulation timescales, the derived profiles provide the first hints on the shape of the free energy landscape involved in the processive mechanism. Exhaustive simulations performed to obtain an estimate for the underlying free energy profile for the sliding phase of the processive mechanism concur the views of the previous observations, indicating a moderate free energy barrier in the processive direction that is low enough to be easily passed because of thermal energy, and can thus be expected to occur spontaneously. Based on the fact that no spontaneous translocation has been observed so far on the sub-microsecond timescale and the slow convergence of the free energy profile, it is tempting to speculate that coupling to slow collective domain motions poses the rate-limiting step for the translocation part of the processive mechanism.
In summary, it is evident that opening of the cleft of SpnHyal favors (or may be even necessary for) the translocation of the HA-substrate and therefore plays a vital role in the processivity mechanism. The role of twisting and opening of the cleft entrance/exit appears to be directly involved with the translocation and the release of the disaccharide product, respectively.
